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In situ UV-photoelectron spectroscopy sHe I and He IId was performed on multiwalled carbon nanotubes
sCNTsd with clearly differentiated diameter distributions. A significant dependence of valence- and conduction-
band characteristics on the mean CNT diameter was observed, which was determined by high-resolution TEM
and micro-Raman spectroscopy. The decrease of relative intensity of the p states at −3 eV in the He II
experiments, indicative of increasing rehybridization between orbitals, was directly correlated with decreasing
mean diameters. Furthermore, a progressive broadening of the unoccupied s* band at 7.6 eV was found in the
He I spectra.
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I. INTRODUCTION
Photoelectron spectroscopy sPESd is a macroscopic tech-
nique that can be used to directly measure electronic states.
In particular, UV-photoelectron spectroscopy sUPSd has
proven to be an extremely useful tool in the determination of
the valence-band electronic structure of carbon-based
materials,1–3 including carbon nanotubes sCNTsd.4–8 How-
ever, UPS measurements usually require samples of macro-
scopic dimensions. In particular, for the clarification of fun-
damental electronic properties by UPS, monodispersed CNT
samples would be required, which at present is no trivial
task. The typical chemical vapor deposition sCVDd processes
commonly result in broad CNT distributions sbroader than
those obtained by arc discharge or laser ablationd, even
though substantial narrowing of nanotube-diameter distribu-
tions has been achieved by different approaches: for ex-
ample, by using preformed catalyst particles with narrow-
diameter distributions ssee Refs. 9 and 10 and references
thereind, using porous supports such as silica or alumina,11,12
or applying fullerenes as carbon stock.13 Hence, typical CNT
samples consist of a more or less wide mixture of diameters
and result in a mixture of different electronic characteristics.
With the exception of the recent work of Ishii et al. on pu-
rified, single-walled nanotubes sSWNTsd,14 UPS studies have
been systematically performed on nonmonodispersed
samples, so that the measured electronic structure represents
an average of different contributions. Consequently, the ef-
fect of curvature on the electronic characteristics of CNTs
has not been directly accessible by UPS. Most of the experi-
mental investigations related to the correlation between the
CNT curvature and the electronic structures have been real-
ized with other techniques, such as electron-energy-loss
spectroscopy sEELSd15–17 or x-ray absorption,18 which allow
measurements on individual nanotubes.
In this paper, samples of multiwalled CNTs with different
diameter distributions were investigated. They were grown
by a CVD technique onto Si substrates, either bare or cov-
ered with buffer layers of Al2O3, TiN, or TiO2. As we have
shown previously, the different buffer layers yielded clearly
differentiated CNT-diameter distributions, due to chemical
and morphological interaction between the catalyst and the
buffer layer.19,20 In the present paper, we show in situ UPS
measurements and correlate the spectral features with the
CNT diameter determined by conventional ex situ character-
ization methods, high-resolution TEM, and micro-Raman
spectroscopy. We illustrate that the UPS spectral features in
the valence and conduction bands are directly correlated with
the CNT curvature and therefore can be used as markers to
estimate the upper and lower limits of the CNT-diameter
distributions. Moreover, we report on the broadening of the
unoccupied s* band at −7.6 eV in the He I spectra, which
clearly shows a CNT-diameter dependence. To the best of
our knowledge this feature has not been reported until now,
and it provides additional details about the electronic struc-
ture of CNTs. Our results demonstrate how UPS can be ap-
plied as an additional, important characterization technique
beside high-resolution TEM and Raman spectroscopy.
II. EXPERIMENTAL SETUP
The experimental setup consisted of a high-vacuum
chamber sbackground pressure 10−6 mbard adapted for
carbon-nanotube growth, attached to an ultrahigh-vacuum
sUHVd chamber housing a photoelectron spectrometer sLey-
bold EA10Nd. The nanotubes described in this work were
grown directly onto Si wafers s100d or onto Si wafers cov-
ered with thin s20–80 nmd buffer layers of Al2O3, TiN, or
TiO2, using sputtered Fe as a catalyst. The Si substrates were
rinsed consecutively in acetone and ethanol in an ultrasonic
bath prior to introduction in the vacuum chamber, and no
further in situ cleaning procedures were performed. There-
fore, all Si substrates used were covered with their native
SiO2 layers, with an estimated thickness of 2 nm. The
samples were first annealed in a vacuum up to 840 °C and
then exposed to acetylene during 5 min, at a gas pressure of
0.1 mbar and 55 sccm flow. All process steps sdeposition of
buffer layer and catalyst, annealing, and acetylene exposured
were performed sequentially inside the chamber, without ex-
posure to air. sFor a detailed description of sample prepara-
tion and buffer-layer characteristics see Refs. 19 and 20.d
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After CVD, the samples were allowed to cool and were
transferred to the UHV chamber for x-ray photoelectron
spectroscopy sXPSd and UPS analysis without breaking the
vacuum. The samples were always measured directly after
growth, and they did not undergo any kind of cleaning pro-
cedure. For XPS, Mg Ka excitation was employed, with a
spectral resolution of 0.9 eV. The energy position of each
spectrum was calibrated with reference to the 4f7/2 level of a
clean gold sample, at 84.0 eV binding energy. For the UPS
analysis, a He lamp was used with 21.2 eV sHe Id and
40.8 eV sHe IId excitation energies. The Fermi level of a
clean Au sample was used as a reference.
After a first in situ characterization with PES, the samples
were further analyzed ex situ by high-resolution transmission
electron microscopy sTEM, Philips CM20 and CM300d and
micro-Raman spectroscopy. The Raman spectrometer was a
Renishaw RM1000 with laser excitation at 785 nm
s1.58 eVd and a 2-mm laser spot.
III. EXPERIMENTAL RESULTS AND DISCUSSION
We present in the first place the analysis of the CNT struc-
ture based on well-established ex situ characterization tech-
niques in order to facilitate the forthcoming discussion about
PES-data interpretation.
A. Ex situ: TEM and Raman measurements
In Fig. 1 we present nanotube-diameter distributions ex-
tracted from the TEM analysis of CNTs grown onto different
substrates: Si substrates covered with the native oxide layer
and with additional coverage of buffer layers of Al2O3, TiN,
or TiO2. Typical high resolution TEM images of these
samples are additionally presented in Fig. 2. The different
interaction and chemical transformations of Fe onto the dif-
ferent underlying substrate materials lead to CNTs with dis-
tinctive diameter ranges even though all samples were grown
under identical experimental conditions of temperature and
gas pressure.19,20 As we can see in Fig. 1, CNT mean diam-
eters range from 20 nm onto TiO2 swith more than 30 wallsd
to 6 nm onto Si and Al2O3 s2–5 wallsd. The thinnest CNTs
were found among the samples grown directly onto bare Si,
as we can see in the second distribution peak at 1.0 nm.
However, in this case the obtained CNT density was low
because of the FeSi formation, which reduced the catalytic
efficiency of Fe.21
In Fig. 3 we can see the Raman spectra corresponding to
the same CNT samples, compared with polycrystalline
graphite and highly oriented pyrolytic graphite sHOPGd
samples. In the region between 1100–1800 cm−1 we have
the signals corresponding to the D, G, and D8 bands. The D
and D8 bands at ,1315 cm−1 and 1614 cm−1, respectively,
were activated in general by any structural change that broke
the symmetry of the planar graphene sheets, such as the pres-
ence of small graphite crystals. The G band, at ,1584 cm−1,
was due to in-plane stretching of the C atoms in the graphene
layers. From the intensity ratio between the D and G bands,
it is possible to estimate the degree of perfection of the
graphene planes in the graphite samples.22,23 Thus, according
to the work of Tuinstra and Koenig23 we find a mean crys-
tallite size of the order of 3 nm in our polycrystalline graph-
ite sample and one of ,1 mm in HOPG. In principle we
could also use this intensity ratio in the case of CNTs to
determine the degree of crystallinity of the walls. However, a
recent Raman analysis of multiwalled nanotubes sMWNTsd
suggests that both D and D8 bands are intrinsic features of
the Raman spectrum of MWNTs, and they are not necessar-
ily an indication of a disordered wall structure.24 Therefore,
FIG. 1. Diameter distribution as determined from high-
resolution TEM analysis of carbon nanotubes grown onto different
buffer layers under identical experimental conditions. The measured
values are fitted with Gaussian functions.
FIG. 2. Typical high-resolution TEM images of carbon nano-
tubes grown sad directly onto Si or onto different buffer layers of sbd
Al2O3, scd TiN, sdd TiO2.
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the Tuinstra-Koenig relationship should not be applied to
quantitatively determine the size of perfectly graphitized do-
mains onto the CNT walls. Nevertheless, the high intensity
of the D bands in the TiO2- and TiN-grown CNTs reflects the
twisted structures observed with TEM and scanning electron
microscopy sSEMd snot shown hered, as compared with the
relatively straight tubes grown onto Al2O3, or Si.19,20 Follow-
ing a Lorentzian line-shape analysis of the spectra, we rec-
ognize in the CNTs grown onto TiO2 or TiN the same fea-
tures as in polycrystalline graphite, with D, G, and D8 bands
at approximately 1315 cm−1, 1585 cm−1, and 1614 cm−1. In
the case of the thinner CNTs grown onto Al2O3, we have an
intermediate case. In the G band we find the graphitelike
features at 1585 and 1614 cm−1, originating from the outer
walls of the tubes, together with a weak resonant contribu-
tion at 1592 cm−1 from the tubes in a diameter range around
1–2 nm.25 Since no tubes with this outer diameter were
found in the TEM analysis, we attribute this resonant contri-
bution to some of the inner tubes in the appropriate diameter
range. sThe number of walls in these CNTs oscillates be-
tween 2 and 5, approximately.d The resonance is additionally
seen in the region under ,300 cm−1, where the bands asso-
ciated to the radial breathing modes sRBMsd are present. The
RBMs correspond to the collective in-phase radial vibrations
of the CNTs that are not present in other types of graphitic
materials. They are extremely diameter dependent and are
only visible when the frequency of the transition and the
laser wavelength are in resonance.26 In the case of the CNTs
grown onto Si, the intense resonant contribution of the nano-
tubes with ,1.0 nm diameter masks the weaker nonresonant
contributions to the Raman spectrum coming from thicker
tubes in the 6-nm-diameter range. We see intense RBMs,
corresponding to single- or double-walled nanotubes, to-
gether with a characteristic splitting of the G band at 1539,
1566, and 1594 cm−1 and a profile corresponding to semi-
conducting tubes.
B. In situ: PES measurements
As already mentioned in the description of the experimen-
tal setup, CNT samples were transferred to the PES measure-
ment chamber immediately after growth, without breaking
the vacuum. Firstly, the chemical composition of the samples
was determined by XPS analysis snot shown hered. This
analysis showed that the samples were only composed of
carbon. No traces of the original iron catalyst or oxygen
contamination were found sthe detection limits for Fe and O
under our measurement conditions were 0.2 and 1.3 at. %,
respectivelyd. The only exception was the sample grown di-
rectly onto Si, but the measured concentrations of oxygen,
silicon, and iron s8, 7, and 2 at. % respectivelyd correspond
to that of the substrate, which contribute to the measurement
due to the low CNT coverage.21
After the first XPS analysis, the samples were investi-
gated with UV photons emitted from a He lamp at mostly
two different energies: 40.8 eV sHe IId and 21.2 eV sHe Id.
Since the mean-free path of electrons depends on their ki-
netic energies,27 we sampled the CNTs at different depths.
Taking an average interwall distance of 0.335 nm, we can
estimate the information depth for the different photons as
being one–two walls with He II, three walls with He I, and
about six walls with XPS s1253.6 eVd.
1. He II hn=40.8 eV
In Fig. 4, the spectra of the CNT samples and polycrys-
talline graphite, measured with 40.8 eV of photon energy
sHe IId, are shown. The most prominent features are at
−7.8 eV, assigned mostly to s states ssp2 orbitalsd, and at
around −3 eV, assigned to p states spz orbitalsd.28–31 In the
upper part of the figure, spectra have been superimposed
after the subtraction of a Shirley background and normaliza-
tion to the −7.8 eV band for a better comparison. As already
reported by Chen and co-workers4,32 the intensity of the p
states at −3 eV is always lower for CNTs than for graphite,
due to the rehybridization of p orbitals arising from the
curved nature of the CNT walls.33–35 The rehybridization
lowers the relative intensity of p states by a factor dependent
on the curvature. sAjayan et al.15 also observed with EELS a
gradual decrease of the intensity of the p-electron plasmon
with a decreasing diameter.d In our case, even though the
measured intensity of p states corresponds to the average
value of CNTs within a broad diameter range, there is a clear
difference in intensity between samples grown on TiN or
TiO2 buffer layers, with nanotube diameters up to
FIG. 3. Raman spectra sllaser=785 nmd of CNT samples grown
onto Si substrates covered with different buffer layers, compared to
the spectra of HOPG and polycrystalline graphite. The spectra have
been normalized to the intensity of the G band. The band marked
with an asterisk corresponds to the Si substrate.
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20–30 nm, and the Al2O3 and Si, with a maximum diameter
up to 10 nm and narrower distributions.
2. He I hn=21.2 eV
Figure 5 shows the spectra measured with He I radiation.
The most pronounced difference between the He II and He I
measurements is the appearance of intense bands in the en-
ergy range below −10 eV in the latter ones. These new fea-
tures correspond to photoelectrons that, after being scattered
into the flat conduction bands of graphite, arrive to the de-
tector at fixed kinetic-energy values. The dependence of the
position of these spectral features with photon energy makes
it possible to discriminate between occupied states sat fixed
binding-energy valuesd and unoccupied states sat fixed
kinetic-energy values, whose apparent binding energy de-
pends on the photon energy usedd. In any case, the He I
spectra are dominated by an intense band centered at
−13.6 eV that shows a clear broadening with diminishing
CNT-mean diameter. Unfortunately, the high background of
inelastically scattered electrons makes, in this case, a quan-
titative comparison of the spectra difficult, especially since
the bands of interest lie in the lower kinetic-energy range,
close to the spectrometer cutoff.
In order to enable a quantitative comparison, each spec-
trum was decomposed into nine Gaussian components after
the subtraction of a Shirley background and normalization to
the narrow band at −13.6 eV. We want to emphasize that the
main reason behind this decomposition was to obtain an es-
timated comparison between samples. Therefore, although
the Gaussian components have been assigned to specific
bands ssee Table Id, this purely mathematical decomposition
is not a representation of the electronic density of states.
With respect to the work of Takahashi et al.36 we assigned
the four Gaussian components with energies under −10 eV to
conduction states, whose real energy values are given by
adding the photon energy to the apparent energy value. Ac-
cordingly, in Fig. 5 these components are presented in an
absolute scale, in the positive-energy part of the spectrum.
FIG. 4. He II s40.8 eVd spectra of CNT samples grown onto Si
substrates covered with different buffer layers and spectra of poly-
crystalline graphite. The spectra are normalized to the band at
−7.8 eV. The numbers in parentheses correspond to the intensity of
the p states at −3 eV after background substraction. In the upper
part, the spectra corresponding to graphite and to nanotubes grown
onto TiN and Si are superposed after removal of the Shirley back-
ground, for a better comparison.
FIG. 5. He I s21.2 eVd spectra of CNT samples grown onto Si
substrates covered with different buffer layers, polycrystalline
graphite, and HOPG. The original spectra are represented on the
negative side of the energy scale, together with the corresponding
Shirley backgrounds sdashed linesd. The spectra were decomposed
into nine Gaussian components, four of which are associated with
unoccupied states, in the positive side of the energy scale. The
dotted lines represent the original spectra, displaced to the positive-
energy side. The numbers in parentheses correspond to the widths
of the Gaussian curves used to fit the s* and p* bands at 7.6 eV and
11 eV, respectively. For more information about the decomposition
and assignment of the Gaussian components, see Table I.
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The bands at 7.6 and 8.2 eV correspond to s* states, while
the broad band around 11 eV is assumed to be a mixture of
s*, p*, and valence-band states not properly decomposed by
our mathematical treatment.
As can be seen in Table I, Gaussian curves associated
with valence-band states had fixed widths in order to mini-
mize the number of free mathematical parameters to fit.
Among the three components used for the description of the
conduction states, only the bands at 7.6 eV and ,11 eV
were kept variable during the fit, in order to focus the com-
parative changes between spectra on these two components.
This approach has to be modified once a better theoretical
description of the band structure of MWNTs is available.
Finally, the Gaussian component at 6.2 eV accounts mostly
for the background electrons not described by the Shirley
background near the spectrometer cutoff. Its position and
width were also fixed.
In the following, we want to focus the discussion on the
behavior of the narrow s* band at 7.6 eV. Although the band
at ,11 eV also shows progressive width change for different
samples, it is not clear in this case that the broadening is due
only to changes in the CNT diameter. Since we have forced
the nearby bands to have a fixed-width value, eventual
changes in valence states not necessarily correlated to CNTs
ssuch as, for example, an oxygen signal from the substrate
for the Si sampled can be reflected in this band. On the other
hand, the s* band at 7.6 eV is sufficiently separated from the
rest of the valence-band features to ensure that we are only
considering conduction states associated to CNTs.
Surprisingly, until now, this band has not attracted much
interest in UPS studies of CNTs, possibly due to the high
electronic background in the proximity of the spectrometer
cutoff, which shows marked differences in the response for
different spectrometers in this energy range. However, a
clearly curvature-related broadening of this band with re-
spect to the value of graphite was present in all of the CNT
samples analyzed. The broadening of the band is not orien-
tation related, since the polycrystalline graphite, where the
whole range of different orientations is probed, shows the
same bandwidth as the HOPG sample s,0.5 eVd. Further-
more, the broadening is inversely correlated to the CNT di-
ameter. This effect can be clearly seen in Fig. 6, where we
gradually move from the full width half maximum sFWHMd
values of 0.9 eV in the thicker CNTs grown onto TiN and
TiO2 to values of 1.6 eV in the case of the thinner tubes
grown onto Si. Although FWHM values cannot be taken
quantitatively due to the nonphysical band decomposition
applied, it is clear that in comparative studies of different
CNT samples the width of the s* band can provide valuable
qualitative information related to the lower range of CNT-
diameter distribution.
This band has been a strongly debated subject in the lit-
erature because of its interpretation as the so-called interlayer
band, a concept proposed by Posternak et al.37 The origin of
this disagreement has already been thoroughly discussed in
several papers dedicated to the electronic structure of
graphite.38,39 Briefly, the discrepancy arises from the fact that
the interlayer band can be placed in two different positions
with respect to the Fermi level, both supported by experi-
mental information and theoretical calculations. For ex-
ample, measurements with inverse photoemission spectros-
copy and the calculations of Holzwarth et al.31 place the
interlayer band at around 4–5 eV, while PES, or secondary-
electron-emission spectroscopy, supported by the calcula-
tions of Tatar and Rabii30 place it at 7.5 eV. Recent studies
on the electronic structure of graphite tend to support the
calculations of Holzwarth et al., placing the interlayer state
at around 4–5 eV above the Fermi level.39 However, when
measuring photoemission one has to be careful, since
Holzwarth et al. also predicted a strong dispersion along the
direction perpendicular to the graphite planes sG-Ad. With
21.2 eV photon energy we are probing the graphite Brillouin
zone near the A point sfor ki =0d, and since the predicted
band bottom at the A point is higher than that at the G point
by about 3 eV, the band we observe at 7.6 eV could be com-
TABLE I. Assignment and numerical values of the nine Gauss-
ian components used in the decomposition of the He I spectra of
CNTs and graphite. The diameter dependence of the p* and s*
bands are represented in Fig. 5. See text for details.
Assign.
EB
seVd ±0.1
Width
seVd
p −1.3 1.4±0.03
p −2.9 1.5 sfixedd
s −4.5 2 sfixedd
s −6.4 2 sfixedd
s −8.0 2 sfixedd
p* 11.3 diam. dependent
s* 8.2 sfixedd 2.6 sfixedd
s* 7.6 diam. dependent
Artifact 6.2 sfixedd 1.5 sfixedd
FIG. 6. Plot summarizing the observed effects as functions of
mean nanotube diameter. The full symbols represent the FWHM of
the s* band, obtained from the He I measurements. The hollow
symbols represent the relative intensity of the p band in the He II
spectra. The corresponding values for polycrystalline graphite are
shown in the right-hand side of the figure. In order to emphasize the
double-peaked diameter distribution observed in the CNTs grown
directly onto Si ssee Fig. 1d, we have plotted the two values
separately.
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patible with both theoretical predictions. In any case, in one
of the few PES studies carried out on CNTs so far using
He I radiation, Suzuki et al. interpret the 7.6 eV band as the
interlayer state, after observing its near disappearance in the
spectrum of pure SWNTs.5 However, based on our observa-
tions, their results can also be reinterpreted, considering that
the 7.6 eV band has been practically smeared out, due to the
broadening induced by the small diameter s1.4 nmd of the
SWNTs.
At this point, we have not yet gained a full understanding
of band broadening with decreasing nanotube diameter, al-
though it is likely that this is an indication for a progressive
increase in dispersion of the flat graphite conduction bands.
There are a number of theoretical calculations related to the
effect of curvature on the electronic structure of CNTs, but
they mostly concentrate on SWNTs of small diameters,
where the effect of rehybridization is greater.34,40,41 The the-
oretical background of the electronic structure of the
MWNTs has not yet been much explored, except for calcu-
lations made on double-walled nanotubes.42,43 Particularly in
Ref. 42 we find a rare attempt to simulate the electronic
structure of the MWNTs. In any case, it remains difficult to
correlate the conclusions extracted from the SWNTs of small
diameters to the apparent increase of band dispersion, as we
have observed in the samples composed mostly of MWNTs.
IV. SUMMARY
We performed a combined UPS, TEM, and Raman analy-
sis of different CVD-grown CNT samples with diameters
ranging between ,1 to ,30 nm and found a perfect corre-
lation between the information obtained from the three tech-
niques. In particular, by combining the He I and He II mea-
surements of CNT samples we have obtained in situ
information about CNT-diameter distribution immediately
after the growth. In the He II measurements, the relative in-
tensity of the p band at −3 eV decreases progressively as the
reduction in CNT diameter forces higher orbital rehybridiza-
tion. Additionally, we have seen for the first time in the He I
measurements that the width of the s* band at 7.6 eV is also
diameter dependent, and it broadens for narrower nanotubes.
These two effects are summarized in Fig. 6. There is, there-
fore, a clear correlation of CNT curvature with the charac-
teristics of valence- and conduction-band states, which can
be used as markers to estimate the upper and lower limits of
the CNT-diameter distributions in inhomogeneous samples.
We have proven that UPS can successfully be applied to
CNTs in order to extract information about diameter distri-
bution. Since this technique also provides firsthand informa-
tion on the effect that experimental parameters have on the
diameter distribution of different samples, it is an important
alternative to ex situ Raman spectroscopy, in particular in
order to speed up the process of finding the appropriate ex-
perimental conditions.
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